GSK1322322 is a potent peptide deformylase inhibitor with in vitro and in vivo activity against multidrug-resistant skin and respiratory pathogens. This report provides plasma and intrapulmonary pharmacokinetics, safety, and tolerability of GSK1322322 after repeat (twice daily intravenous dosing for 4 days) dosing at 1,500 mg. Plasma samples were collected over the last 12-hour dosing interval of repeat dosing following the day 4 morning dose (the last dose). Bronchoalveolar lavage samples were collected once in each subject, either before or at 2 or 6 h after the last intravenous dose. Plasma area under the concentration-time curve (AUC 0 -) was 66.7 g · h/ml, and maximum concentration of drug in serum (C max ) was 25.4 g/ml following repeat doses of intravenous GSK1322322. The time course of epithelial lining fluid (ELF) and alveolar macrophages (AM) mirrored the plasma concentration-time profile. The AUC 0 -for ELF and AM were 78.9 g · h/ml and 169 g · h/ml, respectively. The AUC 0 -ratios of ELF and AM to total plasma were 1.2 and 2.5, respectively. These ratios increased to 3.5 and 7.4, respectively, when unbound plasma was considered. These results are supportive of GSK1322322 as a potential antimicrobial agent for the treatment of lower respiratory tract bacterial infections caused by susceptible pathogens. (This study has been registered at ClinicalTrials.gov under registration number NCT01610388.)
T
here is a crucial need for the development of new antibiotics with novel mechanisms of action against multidrug-resistant pathogens (1, 2) . Peptide deformylase (PDF) has become a promising and attractive bacterial target to explore for the discovery of new antibacterial agents (3, 4) . GSK1322322 is a potent PDF inhibitor from the hydrazinopyrimidine class and has demonstrated in vitro and in vivo antibacterial activity against skin and respiratory tract pathogens, including methicillin-resistant Staphylococcus aureus (5) (6) (7) . Phase 1 safety and pharmacokinetic studies for single and multiple doses of an oral dosage formulation of GSK1322322 have recently been reported (8) (9) (10) . A clinical trial evaluating the first time in human (FTIH) use of intravenous administration of GSK1322322 has been completed (ClinicalTrials.gov identifier, NCT01610388).
Knowledge of intrapulmonary drug concentrations has been advocated to assist in the selection and design of anti-infective dosing regimens to effectively treat lower respiratory tract infections (11, 12) . Among the compartments of the lung, epithelial lining fluid (ELF) has been suggested as an important site of infection for lower respiratory tract pathogens such as Streptococcus pneumoniae, Moraxella catarrhalis, and Haemophilus influenzae. In addition, pulmonary alveolar macrophages (AM) have been proposed as the site for intracellular or atypical pathogens such as Mycoplasma pneumoniae, Chlamydophila pneumoniae, and Legionella pneumophila.
The primary objectives of this report are to describe the plasma and intrapulmonary pharmacokinetics, safety, and tolerability of GSK1322322 after repeat dosing (1,500 mg twice daily intravenous dosing for 4 days) in healthy subjects.
(This work was presented in part at the Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA, September 2012.)
MATERIALS AND METHODS
Study design and subjects. This was a phase I, randomized, double-blind, placebo-controlled, single and repeat dose escalation study to evaluate the safety, tolerability, and pharmacokinetics of oral and intravenous GSK1322322 in healthy subjects. This study was the first time in human (FTIH) administration of GSK1322322 as an intravenous formulation. The study was approved by the Western Institutional Review Board and conducted at DaVita Clinical Research (Minneapolis, MN). Written informed consent was obtained from each subject before study entry.
This report is limited to the subjects enrolled into cohort C (third dose-escalation cohort) of the larger intravenous FTIH study. This portion of the study evaluated both plasma and intrapulmonary pharmacokinetics of GSK1322322 at a dosage level of 1,500 mg in healthy adult subjects. The dosage formulation included lyophilized vials containing the free base form of GSK1322322.
Inclusion criteria included healthy male or female subjects between 18 and 65 years of age, with body weight of Ն50 kg and body mass index (BMI) between 18.5 and 29.9 kg/m 2 , and no clinically significant abnormalities based on medical history, vital signs, physical examination, laboratory tests (chemistry, hematology, urinalysis), and electrocardiographs (ECGs). Females were of nonchildbearing potential or postmenopausal. Male subjects with female partners of childbearing potential were required to use protocol-defined birth control methods.
Exclusion criteria included pregnant or lactating females, prestudy test results positive for hepatitis B surface antigen, hepatitis C antibody, HIV antibody or drug and alcohol screen, current or chronic history of liver disease or known hepatic or biliary abnormalities, and contraindications for bronchoalveolar lavage (BAL) including hypercapnia of Ͼ50 mm Hg, refractory hypoxemia, reactive airway disease or asthma, unstable angina or acute myocardial infarction within the past 6 months, heart failure, and severe hemostatic alterations. Subjects could not have a hypersensitivity history to GSK1322322, atropine, midazolam, fentanyl, lidocaine, co-deine, or heparin that contraindicated their participation. Prescription or nonprescription drugs (including vitamins and herbal and dietary supplements) were not allowed within 7 days (or 14 days if the drug is a potent enzyme inducer) or 5 half-lives (whichever is longer) before the first dose of GSK1322322. Red wine, Seville oranges, grapefruit, or grapefruit juice could not be consumed within 7 days before the first dose of GSK1322322. Subjects must not have had urinary cotinine levels indicative of smoking or a history of regular use of tobacco-or nicotine-containing products within 6 months before being screened. Cardiovascular exclusion criteria included a history of previous myocardial infarction, protocol-defined ECG changes, conduction abnormality, and any significant arrhythmia. Subjects could not have donated blood or blood products in excess of 500 ml within a 56-day period prior to study participation. Subjects could not have a history of regular alcohol consumption within 6 months of the study, have received an investigational drug or participated in a clinical trial within the past 30 days, or been exposed to more than four new chemical entities within 12 months of the first dose of GSK1322322.
Subjects were randomized to receive either placebo (n ϭ 3) or GSK1322322 (n ϭ 18). Subjects assigned to GSK1322322 received 1,500-mg doses of GSK1322322 intravenously every 12 h for a total of seven doses. All intravenous doses were infused over 60 min via a controlled infusion pump, and exact infusion times were recorded. Subjects randomized to placebo followed the same intravenous administration schedules and collection of pharmacokinetic samples as subjects receiving GSK1322322.
Pharmacokinetic samples. One pharmacokinetic sampling period was assessed in this study. Blood samples for the measurement of GSK1322322 concentrations in plasma were collected during the final 12-hour dosing interval. Sampling times included predose (within 15 min before) and at 0.25, 0.5, 1 (end of infusion), 1.5, 2, 4, 6, 8, and 12 h after the start of the final (seventh) intravenous infusion of GSK1322322. All blood samples (approximately 2 ml) were taken from an indwelling cannula, collected into EDTA tubes, and immediately placed on ice and centrifuged at 3,000 ϫ g for 15 min. Supernatant plasma was transferred to matrix screw-cap tubes and stored at Ϫ20°C until shipped to the analytical laboratory.
Each subject underwent one standardized bronchoscopy and BAL procedure before or after the last intravenous dose of GSK1322322. The scheduled collection times included predose (12 h after the previous [sixth] dose) or at 2 or 6 h after the start of the final (seventh) intravenous infusion of GSK1322322. The 2-, 6-, and 12-hour sampling times were selected to provide concentration-time data over the entire 12-hour dosing interval and represent the maximum (peak), midpoint, and minimum (trough) intrapulmonary concentrations, respectively.
Bronchoscopy and BAL. Standardized bronchoscopy and BAL procedures have been previously described (13) . In brief, subjects received the following medications prior to the bronchoscopy procedure: nebulized 0.5 mg atropine with 4% lidocaine, 1 to 2 mg of midazolam, and 25 to 75 g of fentanyl. A 2% concentration of viscous lidocaine was applied to the distal end of the bronchoscope prior to insertion. A fiber-optic bronchoscope (models P-20 and P-20D; Olympus America Inc., Melville, NY) was inserted into a subsegment of the right middle lobe. A 4% concentration of lidocaine was administered to the vocal chords. If needed, a 1% concentration of lidocaine was administered to the lower airway.
Four 50-ml aliquots of sterile 0.9% normal saline solution were instilled into the middle lobe, and each specimen was immediately aspirated and placed in ice. The aspirate from the first 50-ml instillation (BAL-1) was collected separately. The aspirates recovered from the second, third, and fourth instillations were pooled (BAL-2). The volumes of both BAL fluid samples were measured and recorded. A 4-ml aliquot was removed from the BAL samples and immediately sent to the laboratory for cell count and differential count. The remaining volume of BAL fluid was immediately centrifuged at 400 ϫ g for 5 min to separate ELF (supernatant) and AM (pellet). The remaining supernatant and pellet were removed separately and placed into amber tubes. The supernatant was frozen immediately at Ϫ20°C. The pellet was resuspended in deionized water at 20% of the supernatant volume that was removed and then frozen at Ϫ20°C. A 2-ml aliquot of supernatant was also separated, stored in amber tubes, and frozen for quantification of urea.
Blood pressure, heart rate, respiratory rate, pulse, and oxygen saturation were evaluated and recorded before, at the end of, and between 30 and 60 min after the end of the bronchoscopy procedure. A 2-ml blood sample to determine urea concentrations was obtained just before the scheduled bronchoscopy procedure and was kept on ice until centrifuged. Blood samples were centrifuged at 3,000 ϫ g for 15 min, serum was separated, and samples were stored at Ϫ20°C until the assays were performed. A physical examination and an assessment of clinical laboratory parameters were repeated in all subjects after the completion of study procedures.
Laboratory and safety assessment. Safety was assessed by evaluating reported and observed adverse events, reviewing ECGs, measuring vital signs, baseline 24-hour Holter monitoring, and conducting physical examinations and clinical laboratory tests (i.e., chemistry, hematology, and urinalysis). Twelve-lead ECGs were obtained at screening, before and after the single-dose phase for oral and intravenous administration, before and after the first and last doses of the multiple-dose phase, and 7 to 10 days after the last intravenous dose.
Bioanalytical procedures for determination of GSK1322322 concentrations. Concentrations of GSK1322322 in plasma and pulmonary samples were measured by ultrahigh-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) at Bioanalytical Science and Toxicokinetics (GlaxoSmithKline, King of Prussia, PA). Briefly, the analytical system consisted of an Acquity UPLC system (Waters, Milford, MA), an Acquity UPLC HSS T3 analytical column (1.8-m particle size, 2.1 by 50 mm; Waters, Milford, MA), and an API-5500 mass spectrometer (Applied Biosystems/MDS Sciex, Canada). GSK1322322 was extracted from samples after the addition of an isotopically labeled internal standard ([ 13 C 2 , 15 N 2 ]GSK1322322). Extracts were analyzed by UHPLC-MS/MS using a TurboIonSpray interface and multiple reaction monitoring. Computer systems used to acquire and quantify data included Analyst software (version 1.5; Applied Biosystems/MDS Sciex, Canada) and Study Management System 2000 (version 2.3; GlaxoSmithKline).
GSK1322322 was extracted from plasma samples using a validated protein precipitation procedure. Using a 25-l aliquot, the lower and upper limits of quantification for the plasma assay were 5.0 ng/ml and 5,000 ng/ml, respectively. The standard curve for GSK1322322 in plasma was linear (r 2 Ն 0.999) over the concentration range of 5 to 5,000 ng/ml. The accuracy (percent bias) ranged from Ϫ4.0% to 9.5%. The within-and between-run precision values (percent coefficient of variation [%CV]) were Յ6.0% and Յ4.4%, respectively. GSK1322322 was extracted from 300 l of ELF (supernatant from BAL fluid) and 50 l of AM (reconstituted centrifuged pellet from BAL fluid) by a validated solid-phase extraction procedure. The standard curve for GSK1322322 in ELF was linear (r 2 Ն 0.9984) over the concentration range of 0.5 to 1,000 ng/ml. The accuracy ranged from Ϫ10.8% to 10.8%. The within-and between-run precision values (%CV) were Յ3.3% and Յ7.5%, respectively. The standard curve for GSK1322322 in AM was linear (r 2 Ն 0.9978) over the concentration range of 5 to 5,000 ng/ml. The accuracy ranged from Ϫ14.7% to 13.0%. The within-and between-run precision (%CV) values were Յ6.7% and Յ12.5%, respectively.
For all matrixes, quality control (QC) samples were prepared at three different analyte concentrations and analyzed with each batch of sample against separately prepared calibration standards. For the analysis to be acceptable, no more than one-third of the total QC results were to deviate from the nominal concentration by more than 15% and at least 50% of the results from each QC concentration should be within 15% of nominal. Validation experiments also tested the assay selectivity in the presence of atropine, lidocaine, midazolam, and fentanyl. None of these coadministered drugs had any effect on the quantification of GSK1322322 in the various matrices. The applicable analytical runs met all predefined run acceptance criteria.
Urea concentration determination. Concentrations of urea in serum and BAL fluid supernatant were determined using the Beckman Coulter urea nitrogen reagent (kit number 0SR6134; Brea, CA) on an AU480 Chemistry Analyzer (Beckman Coulter, Inc., Brea, CA) at MedTox Laboratories (St. Paul, MN). For the BAL fluid samples, a modification in the manufacturer's procedure was made, and standard curves were prepared in normal saline. The standard curves for serum and BAL fluid ranged from 1.00 to 100 mg/dl and 0.05 to 8.0 mg/dl, respectively. Both standard curves were linear, and interday coefficients of variations were Ͻ5%.
Calculation of the volume of ELF and GSK1322322 concentrations in ELF and AM. The urea dilution method described by Rennard and colleagues was used to determine the apparent volume of ELF (V ELF ) (14) . The V ELF was estimated from the ratio of urea concentrations in BAL fluid (urea BAL ) and plasma (urea plasma ) by using the equation V ELF ϭ V BAL ϫ urea BAL /urea plasma , where V BAL is the volume of aspired BAL2 fluid.
The concentration of GSK1322322 in ELF (GSK322 ELF ) was determined from the equation GSK322 ELF ϭ GSK322 BAL ϫ V BAL /V ELF , where GSK322 BAL is the measured concentration of GSK1322322 in the BAL aspirate supernatant.
The concentration of GSK1322322 in AM (GSK322 AM ) was determined from the equation GSK322 AM ϭ GSK322 pellet /V AC , where GSK322 pellet is the measured amount of GSK1322322 in the BAL pellet from the cell suspension and V AC is the volume of alveolar cells. The concentration of white blood cells in BAL fluid prior to centrifugation was determined. A differential cell count determined the percentage of macrophages and monocytes in BAL fluid. A mean cell volume of 2.42 l/10 6 cells was used in the calculations for V AC (15) .
Pharmacokinetic analysis. Pharmacokinetic parameters were determined for each subject by noncompartmental methods using the computer software WinNonlin (version 5.2; Pharsight Corporation, Cary, NC). Pharmacokinetics parameters following multiple intravenous (i.v.) doses included maximum concentration of drug in serum (C max ), AUC during the 12-hour dosing interval (AUC 0 -12 or AUC 0 -), and systemic clearance (CL). Plasma pharmacokinetic parameters were summarized as geometric mean values and between-subject percent coefficient of variation (%CV b ).
The AUC 0 -for ELF and AM were calculated with the linear trapezoidal method using the mean ELF and AM concentrations of GSK1322322 at the bronchopulmonary sampling times of 2, 6, and 12 h. The 12-hour concentration values (from the sixth dose) were used both as a time zero and as a 12-hour value for calculating AUC 0 -. Ratios of AUC 0 -12 and concentration values at each sampling time were determined by dividing values in ELF or AM by those in the plasma. Total and unbound plasma GSK1323322 values were used to determine these penetration ratios. Fraction unbound in plasma (34%) was calculated using the protein binding value of 66% for GSK1322322 (9) .
RESULTS

Subjects.
A total of 22 subjects met inclusion criteria, signed an informed consent, and participated in the study. The characteristics of the 19 study subjects receiving GSK1322322 as a single oral dose are reported in Table 1 . One of the enrolled subjects withdrew informed consent after completing the single oral dose pharmacokinetic study. Eighteen subjects received intravenous dosing of GSK1322322. Subsequently, a second subject was withdrawn from the study due to moderate adverse event (pruritic rash) during the third day of the multiple-dose intravenous pharmacokinetic study. The remaining 17 subjects completed 4 days of intravenous dosing of GSK1322322 and underwent bronchoscopy with BAL at their randomized sampling time (Table 1 ). Three male subjects (age range, 24 to 36 years) served as a control group and did not receive GSK1322322.
The most frequently reported drug-related adverse events in subjects receiving intravenous GSK1322322 were headache (n ϭ 8), infusion site pain (n ϭ 5) and irritation (n ϭ 4), and diarrhea (n ϭ 4). All adverse events were mild or moderate in intensity. One subject was withdrawn after the multiple intravenous doses of GSK1322322 due to moderate pruritic rash on the neck and chest, behind the ear, and at the infusion site location. The rash appeared gradually, and the subject was treated with methylprednisolone and diphenhydramine. The rash resolved within 3 days after discontinuation of GSK1322322.
No significant trends or changes from baseline in vital signs, chemistry, and hematology data were observed. No subjects had Bazett's corrected QT (QTcB) and/or Friedericia's corrected QT (QTcF) values of Ͼ480 ms. One subject had changes from baseline in QTcB and QTc values that were Ͼ60 ms.
Pharmacokinetics. The geometric mean (%CV b ) pharmacokinetic parameters of GSK1322322 in plasma following multiple intravenous doses of 1,500 mg included C max of 25.4 (27.1%) g/ ml, AUC 0 -of 66.7 (25.0%) g · h/ml, and CL of 22.5 (25.0%) liters/h. Similarities between this CL value and CL values from other dose levels and between single and repeated intravenous doses were consistent with linear pharmacokinetics (16) .
The individual concentrations of GSK1322322 in total plasma, ELF, and AM during the 12-hour interval following the last intravenous dose are shown in Fig. 1 . The mean (Ϯ standard deviation [SD]) steady-state concentrations of GSK1322322 measured in plasma (total), ELF, and AM are reported in Table 2 . The highest observed concentrations for all three matrices occurred at the 2-hour sampling time, and GSK1322322 concentrations in ELF and AM showed a time pattern similar to plasma concentrations ( Fig. 1 and 2 ). The ratios of concentrations in ELF and AM to concentrations in total plasma ranged from 1.4-to 2.0-fold and 2.6-to 6.5-fold, respectively. The ratio of concentrations in ELF and AM to concentrations in unbound plasma ranged from 4.1-to 5.8-fold and 7.7-to 19.2-fold, respectively.
Following repeated intravenous doses of GSK1322322 at 1,500 mg, the total and unbound plasma AUC 0 -averaged 66.7 g · h/ml and 22.7 g · h/ml, respectively. Based on the mean concentrations at each sampling time (Table 2) , the calculated AUC 0 -values for ELF and AM were 78.9 g · h/ml and 169 g · h/ml, respectively. The ratios of ELF and AM to total plasma based on the AUC 0 -values were 1.2 and 2.5, respectively, whereas the ratios of ELF and AM to unbound plasma were 3.5 and 7.4, respectively.
DISCUSSION
This clinical trial was the first time in human (FTIH) administration of GSK1322322 as an intravenous formulation. Repeat intravenous administration of 1,500 mg twice daily of GSK1322322 for 4 days was well tolerated. The most frequently observed drugrelated adverse events included headache, infusion-related reactions (site pain and irritation), and diarrhea. All adverse events were mild to moderate in severity, and no serious adverse events were observed in this study. One subject withdrew from the study because of a pruritic skin rash on the third day of intravenous administration. Other than infusion-related reactions, the overall adverse events profile appeared to be similar to that observed with repeat dosing of an oral powder-in-bottle formulation of GSK1322322 (500 mg to 1,500 mg twice daily) for 10 days (10). Following repeated intravenous administration of 1,500 mg, GSK1322322 readily appeared in ELF and AM and had intrapulmonary concentration-time profiles similar to plasma with minimal hysteresis (Fig. 2) . The ELF and AM concentrations were greater than the MIC 90 values for Staphylococcus aureus and Haemophilus influenzae (4 g/ml), Streptococcus pneumoniae (2 g/ ml), and Moraxella catarrhalis (1 g/ml) for approximately 50% of the 12-hour dosing interval (7). The mean ELF and AM concentrations were 1.4-to 2.0-fold and 2.6-to 6.5-fold of the concurrent total concentrations in plasma, respectively, and 4.1-to 5.8-fold and 7.7-to 19.2-fold of the concentrations in unbound plasma, respectively. The AUC 0 -ratios of ELF and AM to total plasma were 1.2 and 2.5, respectively, and 3.5 and 7.4 for the unbound plasma, respectively. These data demonstrated that GSK1322322 penetrated into extracellular (i.e., ELF) and intracellular (i.e., AM) compartments in the lung following intravenous administration. Once the appropriate pharmacokinetic-pharmacodynamic target (i.e., drug exposure indexed to MIC) is determined, the observed plasma and intrapulmonary concentrations of GSK1322322 will assist in dosage regimen evaluations for the treatment of lower respiratory infections caused by susceptible bacterial organisms. While the clinical significance of concentrations in ELF and AM remains unknown for GSK1322322, the knowledge of drug penetration into the extracellular and intracellular space of the lungs should be of assistance in evaluating and designing specific dosing regimens for use against potential pathogens (11, 12) . Further studies in patients with pulmonary infections are warranted to confirm and explore the importance of intrapulmonary concentrations, pharmacodynamic parameters, and clinical outcomes.
In summary, this report provides safety and tolerability data after the intravenous administration of GSK1322322 at multiple doses of 1,500 mg. Intrapulmonary penetration of GSK1322322 after multiple intravenous doses was extensive, with the AUC 0 -ratios of ELF and AM to unbound plasma being 3.5 and 7.4, respectively. The time course of concentrations in ELF and AM generally followed the plasma concentration-time profile. Results from this study lend support to exploring GSK1322322 as a potential antimicrobial agent for the treatment of lower respiratory tract bacterial infections caused by susceptible pathogens.
